ABSTRACT The application of the three-level boost converter (TLBC) in a high-frequency isolated auxiliary inverter system is able to reduce the voltage stress of power switches and diodes in the back-end circuit, reduce the volume and weight of energy storage components, and improve the overall power density of the converter system. However, the TLBC topology has its own disadvantage which is the capacitor midpoint potential offset problem. In order to solve this problem, this paper analyzes the limitations of the traditional independent duty control strategy first and then proposes the pulse phase delay control strategy to balance the midpoint potential of TLBC. After the relevant theoretical analysis based on the ac small-signal model of the TLBC, which is controlled by the pulse phase delay control strategy, this paper completes its modeling and simulation by using PSIM & Matlab. Finally, this paper presents some experimental results and combines with the waveforms of the simulation to verify that the proposed control strategy can effectively adjust the bias voltage without changing the TLBC output characteristics.
I. INTRODUCTION
With the introduction of high-frequency pulse transformer and high-frequency power transformation technology, which can reduce the volume and weight of the transformer and passive devices in the inverter system greatly [1] , the energy utilization rate of those high-voltage and high-power applications, especially in the field of rail traffic, has been greatly improved. Thus, high-frequency isolated auxiliary inverter systems are widely used in railway vehicles, but they often have the problem of high peak output voltage of rectification on the secondary side of isolating transformer. In order to solve this problem, the Three-Level Boost Converter (TLBC) can be introduced into the grid-side of the auxiliary inverter system to reduce the range of input voltage of the system, suppress the rectifier output peak voltage, guarantee those rectifier diodes and three-phase VSI switches of the auxiliary inverter system to operate efficiently and reliably, and finally
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solve the problem of the rectifier output voltage spike of the auxiliary inverter system from the root. The overall structure of the high-frequency isolated auxiliary inverter system mentioned in this article is shown in Fig.1 . The inherent disadvantage of TLBC is the problem of midpoint potential deviation. To solve this problem, it is necessary to adopt an effective voltage balancing control strategy, before which the accurate voltage bias value is needed first. So, in conventional auxiliary inverter system, some sensors need to be set, like VT in , CT in , and VT incap , to detect and record those values of the voltage, the current and the filter capacitor voltage in grid-side, correspondingly. In order to reduce the number of those sensors, and make the output voltage and deviation voltage to be well controlled at the same time, the voltage balancing control strategy has been extensively studied by scholars at home and abroad. Chen and Liao and Liao and Chen propose an automatic bias voltage equalizing strategy [2] , [3] that does not require the introduction of additional sensors, based on the three-level Boost power factor corrector. The structure of entire control system is really simple which includes only the output voltage control loop, but this strategy takes several seconds to achieve the automatic capacitor voltage balance, has a slow dynamic response, and is not suitable for DC/DC applications. In order to solve the problem of applicability of automatic voltage balancing strategy, Chen and Liao and Chen and Lin further proposed a voltage balancing control strategy based on boosting inductance current detection [4] , [5] . When using this control method, we only need to measure the inductance current. By setting inductance current sampling points properly and combining the proposed sampling strategy, the detection of average inductance current and unbalanced voltage can be realized. However, this method requires high sampling precision and accuracy, and in the case of light load or even discontinuous output current, sampling error will lead to control disorder and system crash.
Therefore, most scholars still chose to set up two capacitor voltage sensors, VT incap1 and VT incap2 , to obtain the value of output voltage and deviation voltage quickly and accurately [6] , [7] , so as to ensure the accuracy, quickness and reliability of the whole control system, and then carry out the control strategy according to the double-loop mode (output voltage control loop cooperate with deviation voltage control loop). Based on the difference of pulse generation modes, the control strategy can be divided into independent duty control strategy [8] and pulse phase delay control strategy [9] . In previous studies, the performances of different control strategies were not compared and analyzed, and the principle analysis of bias voltage regulation was not thorough enough, besides mathematical models established were not accurate [10] , which lead to the lack of the guidance to the design of those key control parameters. This paper makes a contrast between two control strategies, namely independent duty control strategy and pulse phase delay control strategy, and analyzes the control performance of pulse phase delay control strategy to balance the midpoint potential of TLBC. The specific contents of this paper are as follows. In the first section of this paper, relevant concepts and research progress of TLBC and its midpoint potential balance control strategy are briefly introduced. In the second section, based on the output capacitance voltage detection mode, and on the basis of analyzing the limitations of independent duty control strategy, the bias voltage regulation principle of the pulse phase delay control strategy is studied. Then, the independent duty control strategy and the proposed pulse phase delay control strategy are respectively co-simulated by PSIM & Matlab in the third section. The fourth section verifies the correctness of the theoretical analyses and the feasibility of midpoint potential balance control strategy through prototype experiment. Finally, a brief summary is provided in section five.
II. MIDPOINT POTENTIAL BALANCING CONTROL STRATEGY OF TLBC
As the main research object of this article, the application of TLBC can effectively reduce the voltage stress of power switches and diodes, and decrease the switching losses of switches and reverse recovery losses of diodes. At the same time, the increase of equivalent switching frequency or the decrease of power device voltage level is helpful to improve the system dynamic performance, reduce harmonic distortion and reduce the volume and weight of those energy storage components such as the inductors and capacitors, so as to improve the power density of the overall system [11] , [12] . According to the different switching state combinations of the two TLBC switches, there are four basic switching modes namely M1-M4 in the circuit system, as shown in Fig.2 . In practical application, due to the subtle differences in the control circuit and the drive circuit and the characteristics of the switches, the conducting time of the two switches in TLBC will inevitably be different. Also, the two output filter capacitors always have differences in the value of capacitance and the equivalent series resistance. Output loads of the two loops are also inconsistent. Therefore, the midpoint potential of two capacitors of the TLBC will be deviate to a certain value, leading to the unequal voltage stress of the switching tubes which will affect the operation of the back-stage halfbridge converter. In severe cases, it will lead to magnetic biasing of transformer or even device damages [13] .
In order to ensure the reliable operation of the system, it is necessary to adopt an effective voltage balancing control strategy. This paper will study the midpoint potential balancing control strategy of TLBC in detail. 
A. LIMITATION ANALYSES OF INDEPENDENT DUTY CONTROL STRATEGY
The idea of independent duty control is to realize the independent charge and discharge of the two capacitors by controlling the turn-on time of the two switches respectively, so as to ensure the voltage of the two output filter capacitors in TLBC to get to balance [14] . The specific pulse generating method as shown in Fig.3 b) , the two drive signals G Qb1 and G Qb2 are generated by comparison between the control signal and the triangular carrier wave, in which G Qb1 is obtained by the control signal u ctrl1 compared with the triangular carrier waveu tri1 and G Qb2 is obtained by the control signal u ctrl2 compared with the triangular carrier wave u tri2 , and these two triangular carrier waves maintain 180 • phase difference [15] . Meanwhile, it can be seen from Fig.3 a) that the control signal u ctrl1 or u ctrl2 is not output directly from the controller of output voltage or deviation voltage, needed to be cross decoupled, however.
A small signal mathematical model of TLBC system is established based on the state space averaging method in this paper. We take the boost inductor current i Lb (t) and the two filter capacitor voltages u Cb1 (t) and u Cb2 (t) as state variables to compose a three-dimensional state vector
And we take the input voltage u dc (t) as a one-dimensional input variable u(t) =[u dc (t)], and take the inductance current i Lb (t), the output voltageu ob (t), and the deviation voltage u Cf (t) as a three-dimensional output variable y(t) =[i Lb (t) u ob (t) u Cf (t)] T . So, the state equation and the output equation of TLBC under different switching modes in a switching cycle are obtained as shown in Equation (1) .
In which, A i is the state matrix, B i is the input matrix, and C i is the output matrix (i =1, 2, 3, 4). Since the working state of switches will change in one switching cycle, those coefficient matrixes, A i , B i , and C i , will have different forms. Take the condition of u ctrl ≤0.5 as an example to analyze, those coefficient matrixes, under different working conditions, as follows.
Carry out the mathematical derivation and arrangement about the above equations, and let those DC variables on both sides of these state equations be equal, we can get the static operating point of the converter, as the DC components of state vectors are constant at the steady state. Thus, the output voltage gain M ob and the deviation voltage gain M eb of the steady-state system can be obtained correspondingly as:
From Equation (3), it can be seen that, the introducing of the control variable U ctrl , will change the output characteristic of the converter, and make the output voltage not only determined by U ctrl , but also affected by U ctrl .
Let those AC variables on both sides of these state equations be equal, and convert these equations to adapt the complex frequency domain, we can acquire those transfer functions G oi (s) and G ei (s) of the output voltage û ob (s) and the deviation voltage û Cb (s) to the input voltage û dc (s) are shown as follows, in the dynamic adjustment process of TLBC.
In which, U ctrl is the DC component of the controlled variable u ctrl (t), U ctrl is the DC component of controlled variable u ctrl (t).
From Equation (4), it can be seen that the output voltage and bias voltage are controlled and influenced by both U ctrl and U ctrl , and there is also a complex coupling relationship in the dynamic adjustment process of the whole system. When u ctrl >0.5, the system has the same M ob , M eb , G oi (s), and G ei (s), but we won't explore it in this article.
Combined with the above analyses, it can be concluded that the independent duty control strategy can adjust the bias voltage to balance, but the control variable U ctrl will change the output characteristics of TLBC, and there also exists a complex coupling relationship among the control system, which brings much difficulty to the controller design. 
B. DEVIATION VOLTAGE REGULATION PRINCIPLE OF PULSE PHASE DELAY CONTROL STRATEGY
In order to achieve relatively independent control of the bias voltage without changing the TLBC output characteristics [16] , in this section, we focus on a pulse phase delay control strategy to get the capacitor charged independently by adjusting the phase difference between these two switching signals G Qb1 and G Qb2 . The pulse generation method is shown in Fig.4 b), these two driving signals G Qb1 and G Qb2 are obtained based on the carrier comparison. In this comparison, the reference voltage is the same and both are ontime duty ratio signals D on-b , whereas the triangular carrier signal u ctrl2 is phase delayed by λ pd compared with u ctrl1 [17] . (λ pd is the ratio of pulse delay time to switching cycle, namely λ pd = t pd /T sb ). By adjusting the phase shift angle, the voltage of two capacitors can be balanced according to different midpoint potential deviation.
We can know from the analyses of the previous section, that the phase-shifting angle of traditional interleaved pulse width modulation with 180 • phase difference is equal to the π, namely λ pd = 0.5, the input power has the same effect on the two capacitor voltages u cb1 and u cb2 , and its inhibition to the midpoint potential deviation is passive. However as to the pulse phase delay control, λ pd can be varied from 0 to 1. And if we take 0, D on (or 1−D on ), 0.5, 1−D on (or D on ), and 1 as demarcation points [18] , the entire change range can be divided into 8 sections, and we can acquire the typical working waveforms at different λ pd when D on-b ≤0.5 and D on-b > 0.5 respectively, just as shown in Fig.5 and Fig.6 .
From Fig.5 and Fig.6 , even phase-shifting angle is not equal to π, the holding time of mode 2 and 3 in a switching cycle is still the same, but the effect on filter capacitors of input power supply is no longer the same in the two modes. This is because the average inductance current is no longer the same in the two modes. Take the situation of D on-b ≤0.5, 0 < λ pd < D on-b as shown in Fig.5 b) as example, the average inductor current in mode 2(t ∈[t 0 , t 1 ]) is much less than that in mode 3 (t ∈[t 2 , t 3 ]). So, the average values of two capacitor currents in a single switching cycle, I uCb1 and I uCb2 , are no longer the same. When I uCb1 > I uCb2 , the input power supply provides more energy for capacitor C b1 , so it can be help to improve the value of u Cb1 . Otherwise, it can be help to improve the value of u Cb2 . And when I uCb1 = I uCb2 , there will be no regulation to balance the bias voltage. Therefore, according to different situation of the midpoint potential deviation, the purpose of voltage deviation adjustment can be realized by adjusting λ pd . In order to analyze its adjustment rule further, we summarized the different voltage regulation effect under several working conditions which are shown as in Fig.5 and Fig.6 , and the summary is showed in Table 1 .
From this table, we can summarize that no matter how the duty ratio changes, as long as u Cb1 > u Cb2 , the value of λ pd should to be adjusted to the range of (0.5, 1), to realize the purpose of improving u Cb2 , and as long as u Cb1 < u Cb2 , the value of λ pd should to be adjusted to the range of (0, 0.5), to realize the purpose of improving u Cb1 .
From the further analysis of Fig.5 and Fig.6 , according to the different mode changing processes in a single switching cycle, under different D on-b and λ pd , we can get 10 different working conditions of the entire system as shown in Fig.7 , and the specific working conditions and modal switching processes of the system are summarized as shown in Table 2 .
Based on the information from Fig.7 and Table 2 , the proportions of different switching modes in the whole switching cycle can be defined as D i , i =1, 2, 3, 4. As for mode 1 or mode 4, it may occur twice in a single switching cycle, just like the working conditions of IX and IV, so D 11 , D 12 , D 41 , and D 42 are respectively defined to distinguish them. Thus, the operating time of each switching mode under different working conditions can be obtained, as shown in Table 3 .
And from the analysis of the above table, the unified expressions about the proportion of the operating-time to a switching cycle in different switching modes are summarized as follows.
Based on the above analysis, the TLBC output characteristics under the pulse phase delay control are further studied. Taking states shown in Fig.5 b) and Fig.6 b) as examples, Equation (10) can be deduced from the principle about the voltage-second balance of the inductor under the steady-state, as follows. And combined with Equation (5) to (9), the M ob , the output voltage gain of the TLBC, can be derived as follows.
The same results can be acquired under other different working conditions. And according to the above analysis, it can be concluded that the pulse phase delay control can effectively control the filter capacitor bias voltage without changing the TLBC output characteristics.
III. SMALL SIGNAL MATHEMATICAL MODEL BASED ON INDUCTANCE CURRENT RIPPLE
The traditional state-space averaging method takes the average of the inductance current in a whole switching cycle in the process of system modeling. It will lose the information of ripple, so it is not applicable to the system controlled by the pulse phase delay control strategy. In order to establish a relatively accurate mathematical model to analyze the steady-state and dynamic performance of this system, a modeling method based on the inductor current ripple is introduced in this paper. Its principle is to average the inductor current in each operation stage and then to model the system in the whole switching cycle.
Based on this modeling method, we can obtain the coefficient matrixes of the system under different switching modes, just shown as Equation (12) to (14), as shown at the top of the next page. Through the steady state analysis of the system, the output voltage gain M ob and the deviation voltage gain M eb of steady-state system can be obtained correspondingly as Equation (15), as shown at the top of the next page. Where, k dc is the characteristic coefficient of bias voltage gain. Thus, the output voltage gain of the system is not affected by the phase delay signal, but the deviation voltage gain is determined by the duty cycle signal and the phase delay signal.
On the other hand, through the analysis of the dynamic characteristics of the system, the transfer functions G oi (s) and G ei (s) of the output voltage û ob (s) and the deviation voltage û Cb (s) to the input voltage û dc (s) in the dynamic regulation process of the TLBC can be obtained as Equation (16) and (17), as shown at the top of the next page.
It can be seen from Equation (16) and (17) that the dynamic regulation of output voltage and deviation voltage of TLBC, based on the pulse phase delay control strategy, will be affected by D on-b and pd at the same time. Therefore, the further optimization design of the control loop is required to reduce the control disturbance caused by system coupling, which makes the design of the control system more complex. 
IV. SIMULATION OF THE PROPOSED CONTROL STRATEGY
This paper combines the advantages of PSIM and Matlab simulation software to realize the co-simulation system as shown in Fig.8 with the SimCoupler function module. In this system, the power circuit model and corresponding sampling circuit are built in PSIM, the virtual DSP system is built in Matlab, and the PSIM & Matlab closed-loop simulation network is realized.
The simulation parameters of this system are set as follows:
, and to ensure TLBC operates under CCM condition to set L b =1.0mH.
The simulation results of TLBC in output characteristics without the pulse phase delay control is displayed in Fig.9 . And as shown in Fig.10 and Fig.11 , they are simulated waveforms of TLBC under different phase delay ( pd ), when D on-b =0.3 and 0.7, respectively. From those waveforms, we can know that as the change of pd , TLBC will operate in different conditions. Fig.10 a) to d) correspond to Fig.5 b), d ), f), and h) in the previous section respectively, and Fig.11 a) to d) correspond to Fig.6 b), d), f) , and h) in
the previous section respectively. And the variation of simulation waveforms is consistent with the theoretical analysis. Then, the simulation data under different conditions can be organized as in Table 4 . From the analyses of the graphic data and tabular data above, the change of the phase delay pd surely can regulate the bias voltage, and the correctness of theoretical analysis is verified too. When pd =0.2 or 0.4, u cb1 will increase and u cb2 will decrease, u cb >0. And when pd =0.6 or 0.8, the situation will be reversed as u cb2 to increase and u cb1 to decrease, u cb <0. It is also worth noting that the change of pd does not affect the output voltage V ob , that is, it does not affect the output characteristics of TLBC. Fig.12 shows the 3D variation trend of the output voltage V ob and the deviation voltage u cb , which are plotted by 180 sets of simulation result data and vary with D on-b and pd . Fig.12 a) shows the typical Boost-characteristic of V ob , and completely unaffected by λ pd . And it can be seen from Fig.12 b) that the trend of deviation voltage regulation is consistent with the theoretical analysis: when 0 < pd <0.5, regulating actions will increase the value of u Cb1 , and when 0.5 < pd <1, regulating actions will increase the value of u Cb2 . But the ability of pulse phase delay control to adjust the bias voltage is limited, and due to the limitation of simulation accuracy, the positive maximum value appears at D on-b = 0.7 (theoretical value is 0.67) and pd =0.25 (theoretical value is 0.22), and the maximum is 137.5V, which is very close to 138.75V obtained from formula of 0.148
Therefore, the pulse phase delay control strategy can effectively adjust the bias voltage without changing the TLBC output characteristics. The simulation results fully verified the accuracy of the theoretical analyses of the mathematical model. 
V. EXPERIMENTAL VERIFICATION
In order to verify the feasibility of the pulse phase delay midpoint potential balance control strategy proposed above, a 25kVA system prototype experimental platform is built. In order to improve the experimental flexibility, different resistive loads are used to simulate various midpoint potential deviations of TLBC, and then the feasibility of the pulse phase delay control strategy adopted in this paper is comprehensively verified. Main parameters of the experimental circuit are as follows:
when voltage bias equals to zero, and FIGURE 13. Experimental waveforms of the system with and without pulse phase delay control when R b1 =52 , R b2 = 50 .
FIGURE 14.
Experimental waveforms of the system with and without pulse phase delay control when R b1 =50 , R b2 = 52 .
FIGURE 15.
Experimental waveforms of the system with and without pulse phase delay control when R b1 =54 , R b2 =50 .
FIGURE 16.
Experimental waveforms of the system with and without pulse phase delay control when R b1 =50 , R b2 =54 . these two resistors are then fine-tuned to simulate different midpoint potential deviations.
What we display from Fig.13 to Fig.18 , are the experimental waveforms before and after adopting the voltage balancing control strategy under different deviation voltage conditions. In which, u cb1 and u cb2 are two capacitor voltage respectively, λ pd is the phase delay signal and G λ represents the enable FIGURE 17. Experimental waveforms of the system with and without pulse phase delay control when R b1 =64 , R b2 =50 .
FIGURE 18.
Experimental waveforms of the system with and without pulse phase delay control when R b1 =50 , R b2 =64 .
signal of voltage balancing control strategy. For the convenience of analysis, figure b) shows the enlarged waveforms of figure a) in Fig.13 to 18 .
By analyzing those experimental waveforms, we come to some conclusions, that when G λ =0, the voltage balancing control strategy is not enabled, so the system cannot adjust the capacitor voltage deviation, λ pd still equals to 0.5 and the bias voltage always exists; whereas when G λ =1, the voltage balancing control strategy begins to adjust the deviation voltage effectively, so the deviation voltage can be adjusted to approximately 0, that is to say u cb2 = u cb1 and the purpose of the midpoint potential control is achieved. And when the deviation voltage is larger than the certain threshold, the ability of proposed control strategy to adjust the deviation voltage will get to the upper/lower limit of the regulation which is set in advance. At this time, the regulation ability to the deviation voltage of this control strategy is the strongest, and after that its regulation ability will gradually decrease with the decrease of the deviation voltage. But at the same time, the voltage balancing ability of pulse phase delay control strategy still has its limits, which are consistent with the theoretical analysis results.
VI. CONCLUSIONS
Based on the output capacitor voltage detection mode, this paper analyzes the limitations of independent duty control strategy, and focuses on the study of the deviation voltage regulation principle of pulse phase delay control strategy, and finally puts forward the feasibility of the proposed midpoint potential balancing control strategy on the theoretical analyses, which is verified by the co-simulation and prototype experiments.
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The simulation and experimental results fully verify the effectiveness of the proposed pulse phase delay voltage balancing control strategy for bias voltage regulation, thus laying a foundation for the high-performance operation of TLBC in the future. 
